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ABSTRACT
GJ4276 is an M4.0 dwarf star with an inferred Neptune mass planet from radial ve-
locity (RV) observations. We reanalyse the RV data for this system and focus on the
possibility of a second, super earth mass, planet. We compute the timescale for fast
resonant librations in the eccentricity to be ∼ 2 000 days. Given that the observations
were taken over 700 days, we expect to see the effect of these librations in the obser-
vations. We perform a fully dynamical fit to test this hypothesis. Similar to previous
results, we determine that the data could be fit by two planets in a 2:1 mean motion
resonance. However, we also find solutions near the 5:4 mean motion resonance which
are not present when planet-planet interactions are ignored. Using the MEGNO indi-
cator, we analyze the stability of the system and find that our solutions lie in a stable
region of parameter space. We also find that though out of resonance solutions are
possible, the system favours a configuration which is in a first order mean motion res-
onance. The existence of mean motion resonances has important implications in many
planet formation theories. Although we do not attempt to distinguish between the one
and two planet models in this work, in either case, the predicted orbital parameters
are interesting enough to merit further study. Future observations should be able to
distinguish between the different scenarios within the next 5 years.
Key words: planetary systems – stars: individual: GJ 4276 – planets and satellites:
dynamical evolution and stability – techniques: radial velocity – methods: numerical
1 INTRODUCTION
Of the recently discovered planetary systems, many are
found to be in multiple planet systems. M dwarf stars pose
a particularly interesting target since they show a relatively
high planet occurrence rate of 2.5 ± 0.2 planets for 1–4 Earth
radii planets with orbital periods less than 200 days (Dress-
ing & Charbonneau 2015). It has also been predicted that
M dwarfs constitute roughly 75% of the stars in our nearby
solar neighbourhood (Henry et al. 2006).
When compared to solar like stars, M dwarfs are smaller
in radius, in mass and in luminosity. This makes them
favourable for the detection of exoplanets by radial veloc-
ity (RV) or transit methods since the reflex motion of a
star scales with the mass of the star as M−2/3? (Cumming,
Marcy & Butler 2002) and the transit depth with the ra-
dius of the star as R−2? (Seager & Malle´n-Ornelas 2003).
Since by nature, M dwarfs have a lower luminosity, the hab-
itable zone is moved closer to the planet than solar type
stars. Therefore, M dwarfs are a particularly favourable tar-
get for finding Earth mass exoplanets in the habitable zone.
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The CARMENES survey (Moreno-Raya et al. 2018) has as
a main objective to search for and classify low mass plan-
ets around ∼ 300 M dwarf stars (Reiners et al. 2018). The
survey’s spectrograph has an RV accuracy of ∼ 1ms−1 and
has been used for the discovery of several planetary systems,
including GJ4276.
Nagel et al. (2019) found that the signal in the RV data
for GJ4276 is not likely related to stellar activity and is likely
of planetary origin. They fit the signal using both a one
planet and two planet model. In the one planet model, they
found that the best result is achieved with an eccentricity
of 0.37. This would be one of the most eccentric exoplanets
around an M dwarf with such a short orbital period currently
known. They also considered a two planet model, however,
in this case the period ratio is fixed to be in a 2:1 mean
motion resonance and the eccentricities are forced to 0.
Mean motion resonances are found in many planetary
systems and 2:1 mean motion resonances are particularly
common. There are two known systems with 2:1 mean mo-
tion resonances and M-stars as hosts, GJ876 (Marcy et al.
2001) and TRAPPIST-1 (Gillon et al. 2017). Mean motion
resonances are dynamically interesting because their exis-
tence lets us draw conclusions about the system’s formation
© 2019 The Authors
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phase. It is predicted that systems that are in first order
resonances got there by early migration prior to disk disper-
sal (Correia et al. 2017). Since disk dispersal is estimated
to happen on a 1–10 Myr timescale (Alexander et al. 2014),
and planet migration on a similar timescale (Armitage &
Rice 2005), the planets would need to form quite early in or-
der to migrate before the disk disperses. This in turn means
that the core of the planet should have formed with plenty
of gas still left in the disk to accrete an atmosphere (Lissauer
1993).
We reanalyse the RV signal for the system GJ4276 in
this paper. In contrast to Nagel et al. (2019), we perform
a fully dynamical model which allows the planets to inter-
act rather than being on Keplerian orbits. We also allow for
more freedom in our model parameters, specifically, we do
not force a 2:1 period ratio in the two planet model. Though
Nagel et al. (2019) slightly favour the single planet eccentric
model over the two planet solution, we remark that there
is inadequate statistical difference to be able to distinguish
between them and attempting to do so is beyond the scope
of this work. We focus on the two planet model since the
predicted 2:1 mean motion resonance is dynamically inter-
esting. Given the analysis of the one planet system is not
discussed in this work, we refer the reader to the original
discovery paper by Nagel et al. (2019).
We analyze the resonant behaviour and estimate the
dynamical timescale in order to determine whether we could
observe planet-planet interactions. To discuss the stability of
the system, we perform N-body integrations for ∼ 106 orbits
and map the stability of the parameter space by determining
the mean exponential growth of nearby orbits (MEGNO)
parameter.
2 FITTING RV DATA
2.1 Numerical Setup
We use the affine invariant Markov chain Monte Carlo
(MCMC) sampler EMCEE (Foreman-Mackey et al. 2013),
which is supplied as a freely available python package to
sample the posterior of the orbital parameters. We couple
the MCMC sampler with the high order N-body integra-
tor IAS15 (Rein & Spiegel 2015), which is part of the freely
available python package REBOUND (Rein & Liu 2012). This
setup allows us to simulate the reflex motion of the star and
compare the results with the observed RV data. The advan-
tage of this method, compared to the procedure in Nagel
et al. (2019) is that our model fully captures the dynamical
interactions of the planets.
For each of the planets, we let the minimal mass (m sin i)
as well as the 4 orbital parameters a, e,T, ω (semi-major axis,
eccentricity, time of pericenter passage and periastron) freely
vary. For this work we mostly fix the inclination of the sys-
tem at 90◦, and fix the mutual inclination at 0◦. To con-
strain the inclination we simulate the effect of varying the
inclination of the system. To parameterize the eccentricity,
we define h = e sinω and k = e cosω such that e =
√
h2 + k2
and ω = tan−1 hk . This avoids the singularity at e = 0 and
speeds up convergence as described in Hou et al. (2012). We
also allow the stellar mass M? to vary freely.
To account for additional stochastic noise in the data,
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Figure 1. Radial velocity data and model. The data is phase
folded with period 13.347 days. Top panel: RV data points, MCMC
mean (red), MCMC samples (gray). Bottom panel: residual errors
not including jitter, σjitter.
we follow the standard procedure of Baluev (2009) and intro-
duce a jitter parameter, σjitter. We also introduce a parame-
ter γ to account for the center of mass motion of the system.
These two additional parameters are fit simultaneously with
the orbital parameters in the MCMC sampler.
To remain consistent with previous results, we assume
uniform priors for all parameters other than stellar mass.
For stellar mass, we follow Nagel et al. (2019) and assume
a Gaussian prior with mean and variance 0.406 ± 0.030M.
For the free parameters with uniform priors, we find that
the final results are insensitive to the width of the prior.
We therefore simply choose a width that captures the full
dynamical range of the free parameters with a relatively fast
convergence time.
We initialize the parameters to the values determined
in Nagel et al. (2019) to speed up convergence. Experimen-
tation shows that the initial choice of values has little effect
on the outcome if the MCMC sampler is evolved for a suffi-
cient number of burn-in generations. A total of 200 random
walkers are initially evolved for a few ∼ 3000 burn in steps.
The parameters are then sampled for 1000 generations of
the walkers, from which we calculate the mean and 1σ con-
fidence interval for each parameter.
2.2 Best Fit Parameters
Our estimated nominal best fit parameters for each planet
are presented in Table 1 with the results from Nagel et al.
(2019) for comparison. We present two models: with planet-
planet interactions (PPI) and without planet-planet inter-
actions (noPPI). In the noPPI model, we find that the ec-
centricity remains close to zero. Since, as we show in subsec-
tion 3.2, the librations in eccentricity happen on a similar
timescale to the observation time span, we expect that dy-
namics are important for constraining the eccentricity. Ad-
ditionally, we find that in the noPPI model, we converge to
nearly the same parameter as Nagel et al. (2019) as in Ta-
ble 1. Our results for the PPI model differ most significantly
in that we get eccentricities that are of order 0.1. Corner
plots of the posteriors are presented in Appendix A.
Figure 1 shows the nominal best fit solution (red line)
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Table 1. Nominal best fit orbital parameters for GJ4276.
PPI/noPPI columns show fitted parameters for the respective
model. The last column shows the results from Nagel et al. (2019)
for reference.
Orbital Parameter PPI noPPI Nagel (2019)
m1 sin i [m⊕] 15.3+0.7−1.2 15.72+3.21−2.97 15.58+0.93−0.9
m2 sin i [m⊕] 4.3+0.4−0.6 4.45+0.91−0.84 4.40+0.44−0.44
a1 [AU] 0.082+0.003−0.014 0.082+0.002−0.002 0.082+0.002−0.002
a2 [AU] 0.052+0.005−0.002 0.051+0.001−0.001 0.051+0.001−0.001
e1 0.043+0.008−0.002 ∼ 0 0 (fixed)
e2 0.070+0.004−0.009 ∼ 0 0 (fixed)
ω1 [deg] 45.03+5.04−1.78 ∼ 90 90 (fixed)
ω2 [deg] 44.63+2.46−5.56 ∼ 90 90 (fixed)
τ1 [d] 0.10+0.01−0.02 0.10+0.02−0.02 0.1+0.17−0.17
τ2 [d] 2.33+0.23−0.33 2.37+0.47−0.48 2.35+0.18−0.18
M? [M] 0.410+0.034−0.020 0.406+0.08−0.08 0.406+0.030−0.030
γ [ms−1] 0.384+0.037−0.089 0.39+0.08−0.07 0.39 0.18−0.17
σjitter [ms−1] 1.90+0.12−0.15 1.86+0.39−0.34 1.89+0.18−0.17
with some random samples from the posterior (grey lines)
for the phase folded RV data. The data is phase folded with
period 13.347 days which is the period with the highest power
in the RV periodogram as found in Nagel et al. (2019). The
residuals from the best fit (red) are shown below the RV
signal.
2.3 Effect of Dynamics
To best model the orbital parameters of the system, we
need to include the planet-planet interactions. Even though
these interactions may be small compared to the effect of
the star, they can add up over long timescales and dramati-
cally change the structure of the planetary system (Batygin
& Morbidelli 2013). Including the interactions allows us to
better constrain parameters that are dependent on these in-
teractions such as eccentricity.
We find that when the planets are allowed to interact,
there is a possible solution involving a 5:4 mean motion res-
onance as well as the originally predicted 2:1 mean motion
resonance (Figure 2). Given the importance of mean motion
resonances in planet formation theory (Wang & Ji 2017),
particularly first order resonances (resonances of the type
(p + 1) : p), the resonant configurations of this system are of
dynamical interest.
To explain the 5:4 resonance dynamically, we want to
show that planet-planet interactions are relevant even for
the short observational window. In subsection 3.2 we derive
an expression for the fast libration timescale, Pl f , which ap-
proximates the interaction timescale between the planets for
a timescale shorter than the precession time, and estimate
Pl f ≈ 2 000 days. From numerical results, the change of am-
plitude of the eccentricity of the inner planet oscillates by al-
most 0.1. Since the observational time span last about half a
libration, the significant change in the eccentricity through-
out the observations should be apparent in the data.
A fully dynamical fit is important to be able to predict
the eccentricity and, eventually (with enough follow up ob-
servations) the inclination. In our dynamical model, the ec-
centricities are of order ∼ 0.1, large enough that they should
not be assumed to be 0. This is in line with typical eccen-
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Figure 2. Normalized histogram of period ratios in the poste-
rior. When dynamical interactions are allowed, we see that the
predicted resonance is degenerate, there are peaks in the period
ratio at 5:4 and 2:1.
tricities of 2 planet systems around M-stars (ie Limbach &
Turner (2015)).
3 RESONANCE ANALYSIS
3.1 Basic Equations
Here we define the equations and notation used to analyze
the two planet resonance analytically. We follow closely the
work of Rein & Papaloizou (2009). We start from Hamilto-
nian formalism using Jacobi Heliocentric coordinates (Sin-
clair 1975). Here the positions of the planets, with reduced
mass mi are given by ri as measured from the central mass.
In our case, i = 1, 2 where 1, 2 refer to the outer and inner
planet respectively.
The general Hamiltonian for this system, correct to sec-
ond order in the masses is given by
H =
1
2
(m1 | Ûr1 |2 + m2 | Ûr2 |2) −
GM1m1
|r1 |
− GM2m2|r2 |
− Gm1m2|r12 |
+
Gm1m2r1 · r2
|r1 |3
(1)
where M is the stellar mass, M1 = M +m1, M2 = M +m2 and
r12 = r2 − r1 and G is the gravitational constant. We then
seek to express the Hamiltonian in terms of the energies, Ei =
−GmiMi/(2ai) and the resonant angles, φi . For a general (p+
1) : p first order resonance, the resonant angles are expressed
as
φ1 = (p + 1)λ1 − pλ2 −$2
φ2 = (p + 1)λ1 − pλ2 −$1
(2)
where λi is the mean longitude of the i-th planet and $i
the longitude of pericenter. In our case, p = 1 since we are
considering the 2:1 mean motion resonance.
We follow the method of Brouwer & Clemence (1961),
which expresses the Hamiltonian as a Fourier expansion in
terms of the resonant angles φ1, φ2. We expect that near a
first order resonance, the angles φ1, φ2 will vary slowly. Fol-
lowing the procedure of Papaloizou & Szuszkiewicz (2005),
we can keep only terms which are a linear combination of φ1
MNRAS 000, 1–6 (2019)
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Figure 3. Time evolution of the resonant angles (in radians) and
the eccentricities for the system GJ4276. The dominance of the
fast mode in the oscillations of φ1, φ2 with period ∼ 2 000 days and
the slow mode in the oscillations of φ2−φ1 with period ∼ 60 000 days
can be seen.
and φ2. We then separate the Hamiltonian into the Keple-
rian part and the disturbing part as H = E1 + E1 + H12. The
disturbing part, H12 is given in terms of the resonant angles
φi , the eccentricities ei , the masses mi and α = a1/a2 as
H12 =
−Gm1m2
a1
∑
Ck,l (α, e1, e2) cos(lφ1 + kφ2) (3)
where the constant Ck,l , for k, l any integers, depends only
on α, ei . Expansions for Ck,l can be found in the appendix
of many references on Celestial Mechanics such as Murray
& Dermott (2000).
Then we solve the equations of motion for the angles,
φ1, φ2 and their difference ζ = φ2 − φ1, as in Rein & Pa-
paloizou (2009). Figure 3 shows the librations in the eccen-
tricities and resonant angles from a numerical integration
over 1.5× 105 days. The top two panels show the libration in
radians of the resonant angles (Equation 2) where we see the
librations are dominated by a fast mode. We also see that
the fast librations in φ1, φ2 are approximately in phase with
the same period. The middle panel shows the librations of
ζ in radians. The librations of ζ are dominated by the slow
mode (which we see corresponds to the slow libration in
φ2). The slow mode is much longer than the fast mode so
the modes can be decoupled. The bottom two panels show
the librations in the eccentricities themselves. We see that
they are dominated by the fast mode but we can see the slow
mode in the librations of e1. The change in amplitude of the
eccentricities of one oscillation is fairly large, which would
be the primary effect we would see during observation.
3.2 Fast Libration Mode
Following Rein & Papaloizou (2009), the linearized equa-
tions, to first order in the planetary masses give
dφi
dt
≈ (p + 1)n1 − n2 (4)
where ni are the mean motion of the planets. So in this
approximation, φ1 ≈ φ2. Then, to first order in the planet
masses, the angles φi evolve according to
d2φi
dt2
+ ω2l f φi = 0, (i = 1, 2) (5)
Rein & Papaloizou (2009) derive the libration frequency ωl f
as:
ω2l f = −
3n22m2
M
(
1 +
m1
αm2
) ∑
Ck,l(k + l)2 (6)
Applying this condition and expanding Ck,l and keeping only
terms of order unity in eccentricity, we approximate the fast
libration time. We calculate the fast libration period, Pl f ≈
2 000 days which agrees with the numerical result.
3.3 Slow Libration Mode
For the slow libration mode, we want to look for librations
on the timescale that ζ = φ2 − φ1 changes. In this case, it
is no longer true that φ1 ≈ φ2. We now seek solutions to
oscillations of the form
d2ζ
dt2
+ ω2lsζ = 0, (7)
where for a (p + 1) : p resonance, using equation 33 from
Rein & Papaloizou (2009), we estimate the slow libration
timescale Pls is approximately 55 000 days.
This is a much longer mode of libration which we do
not expect to see in the observations. We will therefore limit
discussions to the fast mode.
3.4 Observational Implications
Even though the observation window of ∼ 700 days is fairly
short, since the fast librations timescale is ∼ 2 000 days, we
should be able to detect this in the RV data. With the ob-
servational timescale being approximately half the libration
time, which expect the eccentricities of the planets to change
significantly. We note that although the librations will affect
the fitting process, we would need to measure the RV signal
for several libration periods to be able to claim a definite
detection of planet-planet interactions. This could be tested
with longer follow up observation over at least several libra-
tion periods. Though this time is fairly long, compared to
libration timescales in systems similar to our own solar sys-
tem it is much shorter, thus making it a potentially viable
target in the future.
The oscillations on the slow timescale are not large
enough that we would expect to see them without signifi-
cantly longer observations as the timescale for this mode is
over 170 years. It is still useful to know that we might see
small changes to the eccentricity, of the outer planet in par-
ticular, due to the slow mode.
4 STABILITY
4.1 Stability Analysis with Inclination
To study the stability of the system, we focus on regions of
parameter space that are occupied by the samples of our pos-
terior. We integrate a total of 8 500 realizations of GJ4276
MNRAS 000, 1–6 (2019)
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Figure 4. MEGNO stability indicator in the region of the best
fit solution. Bright yellow regions (∼ 2) are stable quasi-periodic
solutions according to the MEGNO indicator. The black cross
shows the nominal mean orbital parameters for the inner planet
(as listed in Table 1).
for an integration time of 106 orbits. We also run a smaller
subset of solutions for 107 orbits and find no significant differ-
ences in the results. As with previous numerical simulations,
we use the integrator IAS15 with the REBOUND package. We
find that after 106 orbits, ∼ 97% of realizations are stable.
The 3% of unstable realizations do not show any clear
preference for happening near either one of the resonances.
Therefore, we cannot rule out either resonant configuration
from stability alone.
To augment the results from the direct numerical in-
tegrations, we also measure the mean exponential growth
of nearby orbits (MEGNO) (Cincotta & Simo´ 2000). The
MEGNO indicator, 〈Y〉, provides a way to quickly distin-
guish chaotic and quasi periodic regions in the phase space of
a dynamical system. To compute 〈Y〉 we integrate the vari-
ational equations (Mikkola & Innanen 1999) using IAS15
and the utilities included in REBOUND. If 〈Y〉 = 2 then this
indicates that the system exhibits stable, quasi periodic be-
haviour. A value larger than 2 indicates chaotic behaviour
and therefore that the system is likely to become unstable
over a shorter timescale.
A cross section of the parameter space in the plane of
the semi-major axis and eccentricity of the inner planet is
presented in Figure 4 with the color indicating 〈Y〉. All of
the other orbital parameters remain as in Table 1. The black
cross indicates the location of the nominal mean orbital pa-
rameters, which is well within the island of stability.
4.2 Effects of Including Inclination
The inclination of the system effects the masses so we can
use stability to place a bound on the true masses, mtrue =
mmin/sin i. To do this, we draw 500 samples out of the pos-
terior distribution for 100 different values of inclination and
simulate the system for 106 orbits of the inner planet. We
can then calculate the fraction of simulations which do not
have close encounters during this time.
Figure 5 shows the stability fraction as a function of
inclination. The stability fraction starts to rapidly decrease
around i / 0.5 rad, which forms a rough lower constraint on
the inclination of the system. Using this value, we can also
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Figure 5. The stability fraction of the system for different val-
ues of inclination. For each value of i, 500 samples were drawn
randomly from the posterior and integrated for 106 orbits. The
stability fraction is the fraction of realizations which did not have
close encounters.
place a constraint on the maximal masses of the two planets
to be m1 / 32m⊕ and m2 / 9m⊕. We also test the effect
of giving the planets a small mutual inclination of ∼ 3◦ and
find this has no significant effect on the results.
The constraints on the inclination are very loose. Having
tighter constraints on the orbital parameters would allow us
to better estimate the stability fraction and therefore the
inclination as well.
5 DISCUSSION AND CONCLUSION
In this study, we reanalyzed the 100 RV measurements for
the system GJ4276. We focused on the possibility of fitting
a two planet model to the data. In particular, in contrast to
previous studies, we performed a fully dynamical fit where
the planets were allowed to interact with one another. To
fit the model, we simulated the RV curve using numerical
simulations with REBOUND while sampling the posterior with
the Markov Chain Monte Carlo sampler EMCEE.
The best fit two planet model we predict has an outer
planet with minimal mass ∼ 15.3m⊕ and semi-major axis
∼ 0.082AU and an inner planet with minimal mass ∼ 4.3m⊕
and semi-major axis 0.052AU. We find that the eccentric-
ities of the inner and outer planet respectively are ∼ 0.07
and ∼ 0.043. This is consistent with typical eccentricity val-
ues for planets around M-stars (Limbach & Turner 2015).
Nagel et al. (2019) estimate the tidal circularization time
for the Neptune mass planet to be at least 10Gyr, support-
ing the idea that the eccentricities are not necessarily 0.
Additionally, we place a rough constraint of i / 0.5 rad on
the inclination. This provides an estimate for the maximum
masses of the planets of m1 / 32m⊕ and m2 / 9m⊕.
One argument in favour of the two planet model over the
single eccentric model proposed in Nagel et al. (2019) is that
the eccentricity required for the one planet model is ≈ 0.37.
There have only been 13 confirmed detections of exoplanets
around M-stars with e > 0.3 out of 73 confirmed observations
with eccentricity values. The eccentricity predicted for the
MNRAS 000, 1–6 (2019)
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one planet model is comparable to the recently published
planet Gl96b with e ≈ 0.44 (Hobson et al. 2018).
From Figure 2 we can see that in the PPI model in
particular, the system favours configurations which are in
a first order mean motion resonance. The existence of any
resonance suggests that the planets got into this configura-
tion through migration in the protoplanetary disk (Correia
et al. 2017). Which resonance the system favours can give
us insight into how the migration took place. Since the 5:4
resonance places the planets closer together than the 2:1
resonance, the planets would likely pass through the 2:1 res-
onance during migration. This would predict a faster migra-
tion rate and therefore larger disk. We slightly favour a 2:1
mean motion resonance over a configuration in a 5:4 mean
motion resonance.
We can also infer that since migration is likely, the plan-
ets formed prior to disk dispersal. This means that they
would likely have had time to accrete an atmosphere. How-
ever, both planets are well inward of the habitable zone
which has inner edge at ∼ 0.115AU (Kopparapu et al. 2013).
The system has a variety of interesting dynamical fea-
tures that merit further study of its origin and evolution.
If a second planet is confirmed, it would be only the third
discovered M-dwarf host with two planets in a 2:1 mean
motion resonance. It would also be the first of these systems
to have a 2:1 resonance without a resonant chain (GJ876
is a 4:2:1 and TRAPPIST-1 a 8:5:3:2:1 resonant chain). If
it turns out that there is not a second planet and it is a
highly eccentric Neptune mass planet, then it would be one
of the most eccentric planets around an M-dwarf with such
a short orbital period. Given that GJ4276 shows such inter-
esting orbital configurations, it is well worth considering for
follow up observations. Given the libration time we predict,
observing for 5 years would allow us to determine whether
or not there is a second planet and put constraints on the
inclination of the system.
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APPENDIX A: CORNER PLOTS FOR MCMC
POSTERIORS
Figures A1 and A2 show corner plots for the posteriors from
the MCMC sampler for the PPI and noPPI models, respec-
tively. The masses m1,m2 are the minimal masses (m1 sin i,
m2 sin i). The blue lines show the nominal predicted values
from Nagel et al. (2019) and the red lines the nominal best
fit values from this work. The dashed lines in the histograms
show the 1σ confidence interval. Above each histogram, the
mean value for the parameter is listed with uncertainty given
by the bounds of the 1σ confidence interval. The values are
repeated in Table 1 for convenience.
We note that when interactions are allowed, the param-
eters are more restricted and the distributions have sharper
peaks as well as and non-Gaussian distributions. In the
noPPI model, the distributions are essentially Gaussian and
very similar to the results from Nagel et al. (2019). Since
in the noPPI case the eccentricities are negligibly small, we
exclude the parameters from the corner plot.
This paper has been typeset from a TEX/LATEX file prepared by
the author.
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Figure A1. Two dimensional projection of the posterior probability distribution sampled using MCMC for the PPI model. Dashed lines
on the histograms indicate the 1σ confidence interval.
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Figure A2. Same as Figure A1 but for the noPPI model.
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